Caspofungin acetate (MK-0991) is an antifungal antibiotic that inhibits the synthesis of 1,3-␤-D-glucan, an essential component of the cell wall of several pathogenic fungi. Caspofungin acetate was recently approved for the treatment of invasive aspergillosis in patients who are refractory to or intolerant of other therapies. The activity of 1,3-␤-D-glucan synthesis inhibitors against Aspergillus fumigatus has been evaluated in animal models of pulmonary or disseminated disease by using prolongation of survival or reduction in tissue CFU as assay endpoints. Because these methods suffer from limited sensitivity or poor correlation with fungal growth, we have developed a quantitative PCR-based (qPCR) (TaqMan) assay to monitor disease progression and measure drug efficacy. A. fumigatus added to naïve, uninfected kidneys as either ungerminated conidia or small germlings yielded a linear qPCR response over at least 4 orders of magnitude. In a murine model of disseminated aspergillosis, a burden of A. fumigatus was detected in each of five different organs at 4 days postinfection by the qPCR assay, and the mean fungal load in these organs was 1.2 to 3.5 log 10 units greater than mean values determined by CFU measurement. When used to monitor disease progression in infected mice, the qPCR assay detected an increase of nearly 4 log 10 conidial equivalents/g of kidney between days 1 and 4 following infection, with a peak fungal burden that coincided with the onset of significant mortality. Traditional CFU methodology detected only a marginal increase in fungal load in the same tissues. In contrast, when mice were infected with Candida albicans, which does not form true mycelia in tissues, quantitation of kidney burden by both qPCR and CFU assays was strongly correlated as the infection progressed. Finally, treatment of mice with induced disseminated aspergillosis with either caspofungin or amphotericin B reduced the A. fumigatus burden in infected kidneys to the limit of detection for the qPCR assay. Because of its much larger dynamic range, the qPCR assay is superior to traditional CFU determination for monitoring the progression of disseminated aspergillosis and evaluating the activity of antifungal antibiotics against A. fumigatus.
disseminated or pulmonary disease. The efficacy of caspofungin in these animal models was measured by the use of survival as an endpoint (2; E. M. Bernard, T. Ishimaur, and D. Armstrong, Abstr. 36th Intersci. Conf. Antimicrob. Agents Chemother., abstr. F39, 1996) . Evaluation of other 1,3-␤-D-glucan synthesis (GS) inhibitors (LY303366 and FK463) has been described in models of aspergillosis that employed survival or CFU quantitation in selected organs as an endpoint (28, 29, 34) . However, CFU counts do not accurately reflect the number of viable cells for filamentous fungi such as Aspergillus fumigatus. Due to the filamentous nature of these organisms, a large fungal mass is often indistinguishable from single-cell conidial forms when spread on agar plates, since both will usually yield one colony (24) . Accordingly, results from experiments employing CFU measurement to quantify in vivo efficacy of GS inhibitors against A. fumigatus have been mixed. One study exploring the efficacy of LY303366 found no significant difference in fungal CFU burden in the lungs of infected rabbits in a model of pulmonary aspergillosis, despite significant improvements in several parameters of therapeutic efficacy (29) . Verweij et al. (34) have shown that LY303366 at concentrations Ն2.5 mg/kg of body weight/day significantly reduced the A. fumigatus fungal kidney burden compared to that of vehicle-treated mice in a model of disseminated aspergillosis. A third study, with a murine model of pulmonary aspergillosis and constant infusion of FK463, reported a significant reduction in the CFU count at concentrations of FK463 in plasma of Ն0.55 g/ml (28) .
In an effort to overcome the inherent disadvantages of CFU determination for measuring the load of A. fumigatus in tissues of infected animals, we have developed a method that uses quantitative PCR (qPCR) (TaqMan) analysis (16) to amplify and quantitate an A. fumigatus sequence in complex DNA samples prepared from tissue. The qPCR assay is an adaptation of standard PCR that allows for detection and real-time quantitation of specific amplification products. In qPCR assay, a target DNA sequence is selectively amplified by using sequence-specific sense and antisense primers and Taq DNA polymerase. Also present in reaction mixtures is a dual fluorochrome oligonucleotide hybridization probe (labeled with a reporter such as 6-carboxyfluorescein [FAM] and a quencher such as 6-carboxytetramethyl rhodamine [TAMRA] ), which is nonfluorescent due to the physical proximity of the reporter and quencher. During the annealing phase of the PCR, the probe specifically hybridizes to the accumulating product, and during the amplification phase, exonucleolytic activity of Taq DNA polymerase liberates the reporter-labeled nucleotide from the 5Ј end of the probe. Release of the reporter nucleotide physically removes it from the environment of the quenching dye, resulting in a fluorescent signal. Reactions are characterized by the time during cycling when a threshold of baseline fluorescence (C T ) is exceeded. With increasing amounts of target DNA in the experimental samples, the threshold is exceeded at an earlier cycle of amplification. Samples with no target DNA show no fluorescence and do not exceed the threshold at any point during the standard 40 cycles of qPCR amplification.
PCR has been described in the literature as a tool for detecting and identifying Aspergillus and other pathogenic fungi in clinical samples (25) . TaqMan and other qPCR methods have been used to detect and quantitate bacterial (26) or viral (36) burden in other animal models of human infection. Here we describe a qPCR assay that can detect and quantitate A. fumigatus DNA in mouse tissues. We first evaluated this assay by adding either A. fumigatus conidia or mycelium to tissues, extracting total DNA, and demonstrating a linear response over 4 orders of magnitude with a low limit of detection. The primers and probes we chose showed no cross-reactivity with mouse genomic DNA or with DNA from the pathogenic fungus Candida albicans. With tissue samples derived from infected animals, the A. fumigatus DNA burden steadily increased with longer time following infection, reaching a peak that correlated with the onset of mortality. Finally, we show that this assay can quantitate differences in A. fumigatus fungal burden between drug-treated and nontreated control mice, despite minimal changes in CFU determinations from the same experimental samples.
MATERIALS AND METHODS

Drugs.
Caspofungin acetate (MK-0991) was solubilized in sterile distilled water and tested at the dose specified below. Amphotericin B (AmB [Fungizone]; Bristol Myers Squibb, Princeton, N.J.) was reconstituted according to the manufacturer's instructions in sterile distilled water, diluted, and tested at the dose specified below.
Animals. Conventionally reared, female, DBA/2J (C5Ј complement deficient) mice (Jackson Laboratory) with an average weight of 18 to 22 g were used. Mice were housed (10 per cage) in presterilized microisolator cages and provided with sterile bedding, feed, and water. Organs for use in these experiments were removed aseptically from euthanized animals. All procedures were performed in accordance with the highest standards for the humane handling, care, and treatment of research animals and were approved by the Merck Institutional Animal Care and Use Committee. Procedures for the care and use of research animals at Merck meet or exceed all applicable local, national, and international laws and regulations.
Conidia or mycelium added to naïve, uninfected organs. A glycerol stock of conidia from A. fumigatus strain MF5668 (ATCC 13073) was prepared from a sporulated culture grown on Difco Yeast Malt Extract-Trace Element agar (32) (Difco, Detroit, Mich.) in several cotton-plugged baffled flasks for 5 days at 37°C. Thirty to 35% of the surface of the agar was covered with sterile 4-mm-diameter glass beads, 5 ml of sterile saline was added, and each flask was shaken for 15 min at 175 rpm on an orbital shaker (model 416; Forma Scientific, Marietta, Ohio). The liquid was removed from each flask, pooled, and subjected to ultrasonic treatment for 10 to 15 min at 4°C in a bath sonicator (Branson Ultrasonics Corp., Danbury, Conn.) to further separate spores from mycelia. The suspension was filtered through a sterile glass wool filter loosely packed in a plastic syringe body and concentrated by centrifugation at 3,200 ϫ g for 10 min. The pellet was suspended in 50% glycerol and stored at Ϫ80°C. The number of conidia was determined by direct counting with a hemocytometer. Seven serial dilutions were made in 50% glycerol from a stock containing 1.26 ϫ 10 10 conidia/ml, and 40-l aliquots containing known numbers of conidia were added to naïve uninfected organs.
Mycelium used in kidney spiking experiments was prepared by inoculating conidia (10 5 CFU/ml) from a glycerol suspension into RPMI/Junlon medium {RPMI 1640 medium with L-glutamine (Life Technologies, Rockville, Md.), buffered with 0.165 M MOPS [3-(N-morpholino) propanesulfonic acid; pH 7.0] (Fisher Scientific, Pittsburgh, Pa.) containing 0.15% (wt/vol) Junlon PW110 (Mitsui and Co., Inc., Specialty Chemicals Dept., New York, N.Y.)}. After 20 h at 37°C with shaking (220 rpm), the culture consisted of small dispersed germlings. One-milliliter aliquots of the culture were removed by using wide-bore pipette tips (Rainin Instruments, Woburn, Mass.), and the germlings were collected by centrifugation at 800 ϫ g for 5 min at 25°C. The supernatant was aspirated, and the mean weight of mycelium trapped in the Junlon layer (31.99 mg; n ϭ 5) was determined by subtracting the mean weight of the Junlon layer alone (determined from aliquots of uninoculated media; n ϭ 5). Germlings in the Junlon layer were serially diluted in RPMI/Junlon medium and added in duplicate to naïve uninfected kidneys.
Preparation of inoculum for infection. A. fumigatus MF5668 was grown on Sabouraud dextrose agar (SDA) slants (BBL, Cockeysville, Md.) at 35°C for 6 to 7 days. Conidia were washed from the surface of agar slants with sterile saline containing 0.01% Tween 20 and quantified by counting with a hemocytometer. Viable counts were determined by serially diluting the conidial suspension, spreading it on SDA plates (BBL), and counting the colonies after growth.
Infection and treatment. Disseminated aspergillosis was initiated by intravenous (i.v.) injection of 0.2 ml of a suspension of A. fumigatus MF5668 conidia into the lateral tail vein. In the therapy study, mice were treated with a 1.0-mg/kg dose of caspofungin or a 0.5-mg/kg dose of AmB, administered intraperitoneally (i.p.) twice daily (b.i.d.) for a total of 5 days. The first dose was administered immediately after infection. An infected, nontreated control group was included in the therapy study. There were 30 mice per therapy group and 60 mice in the nontreated control group.
Tissue homogenization. Organ samples were removed from euthanized animals and placed in weighed sterile Whirl Pak bags (Fisher Scientific). Samples designated for qPCR analysis were frozen at Ϫ20°C until use. Tissue weights were determined, and primary homogenates were prepared in saline by direct pressure (35) . For CFU determination, 5 ml of saline (unless indicated otherwise) was used in preparation of the primary homogenate, and aliquots were serially diluted, spread onto plates (either SDA or YPAD [1% yeast extract, 2% peptone, 2% dextrose, 4 mg of adenine per ml] agar, as indicated), and incubated at 35°C for 24 to 48 h before A. fumigatus colonies were counted. For qPCR analysis, primary homogenates were prepared by adding 3.6 volumes of sterile saline per g of tissue. After applying pressure, 1.0 to 1.5 ml of the primary homogenate was transferred to a sterile 2-ml screw-cap microcentrifuge tube (Sarstedt, Newton, N.C.), and 0.5-mm-diameter glass beads (Biospec, Bartlesville, Okla.) were added. Tissue and hyphae were mechanically disrupted by vigorous agitation in a Bead Beater homogenizer (Biospec) with three bursts of 30 s each at 5,000 rpm with incubation on ice between bursts. This secondary homogenate was collected by centrifugation at 800 ϫ g at 4°C for 5 min and stored at Ϫ20°C. DNA extraction. DNA was extracted from secondary homogenates with the DNeasy tissue kit (Qiagen, Valencia, Calif.) according to the manufacturer's instructions. Ninety microliters of buffer ATL and 20 l of proteinase K solution (included in the kit) were added to 90 l (19.6-mg equivalents) of secondary homogenate. For spleen samples only, 45 l of homogenate (9.8-mg equivalents) was used; volumes were brought to 90 l by addition of 45 l of sterile saline. Samples were incubated overnight at 55°C with shaking (800 rpm). Proteinase K-digested samples were processed according to the manufacturer's instructions and applied to DNeasy columns, and DNA was recovered in 200 l of elution buffer and stored at Ϫ20°C until analysis.
qPCR primers, probes, reactions, and calculations. Oligonucleotide amplification primers and a dual-labeled fluorogenic oligonucleotide hybridization probe complementary to sequence from the A. fumigatus 18S rRNA gene (GenBank accession no. AB008401) were designed with Primer Express software version 1.5 (Applied Biosystems, Foster City, Calif.). The sequences of these oligonucleotides are as follows: (i) sense amplification primer, 5Ј-GGCCCTTA AATAGCCCGGT-3Ј; (ii) antisense amplification primer, 5Ј-TGAGCCGATA GTCCCCCTAA-3Ј; and (iii) hybridization probe, 5Ј-FAM-AGCCAGCGGCC CGCAAATG-TAMRA-3Ј. All three oligonucleotides were synthesized by Applied Biosystems.
DNA samples were analyzed in triplicate by using the ABI PRISM 7700 sequence detection system (Applied Biosystems). Each 50-l qPCR consisted of 5 l of sample DNA, 900 nM sense and antisense primers, 200 nM probe, and TaqMan Universal PCR Master Mix (Applied Biosystems) containing Taq DNA polymerase and the requisite buffers. Reactions were performed in MicroAmp optical 96-well reaction plates (Applied Biosystems) sealed with MicroAmp optical caps (Applied Biosystems). qPCR assays were run according to the manufacturer's directions, and results were analyzed with Sequence Detection System software (version 1.7; Applied Biosystems). Each sample was assigned a C T value, which identifies the cycle number during PCR when fluorescence exceeds a threshold value determined by the software. Differences in DNA recovery between samples were normalized by determining the total DNA concentration (see below) of each sample ([DNA] sample ), comparing them to DNA concentration values from naïve, uninfected tissue ([DNA] naïve ), and adjusting each sample C T value according to the formula C T(adjusted) ϭ C T ϩ x, where x ϭ log 2 ([DNA] sample /[DNA] naïve ). A ⌬C T value was calculated for each sample as the difference between sample C T(adjusted) and C T values from reaction mixtures containing DNA derived from naïve, uninfected tissue. ⌬C T values were used to calculate conidial equivalents (CE) from a standard curve generated from DNA samples prepared from known numbers of conidia added to naïve organs. Samples for the conidial standard curve and from naïve, uninfected tissues were prepared in parallel with the experimental samples and analyzed in triplicate on each 96-well qPCR assay plate. All qPCR results for samples from infected tissues are expressed as CE per gram equivalent of tissue.
For the modified qPCR assay, 200-l DNA samples (19.6-mg tissue equivalents) were assayed in their entirety as 20 replicate 10-l aliquots. The sum of all fractional CE was used to calculate log 10 CE per gram of kidney. Samples used for standard curves in the modified assay were also analyzed as 10-l aliquots. Normalization for DNA recovery in the modified qPCR assay was based upon the formula described above; a single DNA adjuster value determined for each homogenate was used for both modified and standard assay calculations.
Determination of DNA concentration. Mouse genomic DNA (Clontech, Palo Alto, Calif.) was diluted to 2 g/ml in 10 mM Tris-HCl (pH 8.0)-1 mM EDTA (TE), and 200 l was placed in the first well of a 96-well black Optiplate (Packard Instruments, Meriden, Conn.). Serial twofold dilutions were made in TE across the plate and used to formulate a standard curve. Experimental DNA samples were diluted 1:100, 1:200, and 1:400 in TE and 100 l of each of these dilutions was assayed in duplicate. An equal volume (100 l) of PicoGreen doublestranded DNA (dsDNA) quantitation reagent (Molecular Probes, Eugene, Oreg.), diluted according to the manufacturer's specifications, was added to all wells. Fluorescence was measured with a Fluoroskan II spectrofluorometer (Labsystems, Helsinki, Finland) at excitation/emission wavelengths of 485/538 nm, respectively. DNA was quantitated in the experimental samples based on fluorescence relative to the standard curve.
Candida albicans qPCR analysis. In this study, treatment of animals, infection, tissue homogenization, DNA extraction, qPCR assays and calculations, and determination of DNA concentration were performed as described for A. fumigatus, with the following modifications. Candida albicans strain MY1055 (Merck, Rahway, N.J.) was grown on SDA at 35°C for 24 h. Growth on the plate was resuspended in sterile saline, the cell concentration was determined by counting with a hemocytometer, and the inoculum was adjusted to 3.75 ϫ 10 5 cells/ml. The viable cell count, as determined by serially diluting the cell suspension 10-fold, spreading it out on SDA plates, and counting the colonies after overnight incubation at 35°C, was 2 ϫ 10 5 CFU/ml. The final infectious challenge was 4.0 ϫ 10 4 CFU/mouse, and vehicle was given i.p. once daily for 4 days beginning immediately after infection. Ten mice were monitored for survival for 21 days postinfection. Kidneys from a second vehicle-treated group (n ϭ 25) were removed from euthanized animals at 0.25, 1, 2, 3, 4, 7, and 14 days postinfection (three per group) and sectioned such that one-half of the left kidney and one-half of the right kidney were combined and used for CFU determination, while the other halves were combined and used for qPCR analysis.
The oligonucleotide primers and probe used for qPCR assays were complementary to sequence from the C. albicans 18S rRNA gene (GenBank accession no. AF114470), and the probe was labeled at the 5Ј end with VIC (Applied Biosystems). The sequences are as follows: (i) sense amplification primer, 5Ј-G GACCCAGCCGAGCCTT-3Ј; (ii) antisense amplification primer, 5Ј-AAGTAA AAGTCCTGGTTCGCCA-3Ј; and (iii) hybridization probe, 5Ј-VIC-CTTC TGGGTAGCCATTT-TAMRA-3Ј.
For the standard curve relating infected tissue ⌬C T values to cell number, DNA samples were prepared from naïve kidneys spiked with cells from a midlogarithmic-phase culture of C. albicans MY1055 grown at 30°C in RPMI 1640 medium with L-glutamine, buffered with 0.165 M MOPS (pH 7.0). The cell density of the undiluted culture, determined by direct counting with a hemocytometer, was 1.93 ϫ 10 7 cells/ml. The culture was serially diluted in RPMI medium containing 25% glycerol, and aliquots were stored frozen at Ϫ20°C until use.
Genomic DNA. Genomic DNA for use in the qPCR specificity studies was prepared from C. albicans strain MY1055 or A. fumigatus strain MF5668 as described previously (18) .
Statistical analysis. Analysis of variance was used to statistically assess differences with respect to the CFU endpoint. All tests and comparisons were deemed significant at the 5% level unless noted otherwise. Percent survival was calculated by the Kaplan-Meier technique (20) with animals from either a separate survival group or from the qPCR sample group (censored for euthanatized animals).
RESULTS
The rRNA gene locus is frequently chosen as the PCR amplicon for both speciation and quantitation of organisms (12, 21, 30) . The A. fumigatus 18S rRNA gene was analyzed with ABI Primer Express software to select amplification primers and a hybridization probe suitable for establishing a qPCR assay. By using the BLAST algorithm (4), we performed database searches to demonstrate that the selected primer-probe combinations were specific for Aspergillus spp. (17) . The results showed that the oligonucleotides (sense primer, antisense primer, and probe) are identical to the 18S rRNA gene of A. fumigatus and 9 other Aspergillus species in the database, as well as 11 other filamentous fungi. The non-Aspergillus fungi are all ascomycetes and are closely related to members of the genus Aspergillus (data not shown). In order to evaluate the utility of this primer-probe set, defined numbers of single-cell mononucleate A. fumigatus conidia (11) were mixed in a titration experiment with noninfected mouse kidneys. Genomic DNA prepared from these samples was used as a template to establish the qPCR assay. The signal from these reactions was linear over a range of nearly 5 orders of magnitude in this titration series, and the limit of detection was routinely at or near a single conidium (Fig. 1A) . No signal was detected when the following templates were tested as negative or specificity controls: (i) a commercial source of mouse genomic DNA, (ii) genomic DNA prepared from kidneys of uninfected mice, or (iii) C. albicans genomic DNA. Parallel samples from the titration of conidia in kidneys were evaluated for CFU (Fig. 1A) . The results from this assay were also linear over the same range, and the lowest dilution we tested contained approximately 10 conidia.
A similar titration series was carried out with filamentous A.
fumigatus germlings isolated from a liquid culture and added to noninfected mouse kidneys. Analysis of these samples by using the qPCR assay revealed a limit of detection of approximately 10 ng of mycelial wet weight and a linear range that spanned 4 orders of magnitude (Fig. 1B) . However, mycelium-spiked kidneys that were evaluated for CFU counts on YPAD plates displayed a distinct lack of linearity across a broad range of hyphal mass, with essentially no change in CFU above 10 5 ng of mycelial wet weight. In fact, serial dilutions from 10 4 to 10 1 ng of mycelium wet weight produced only a 10-fold decrease in the number of CFU (Fig. 1B) . In these titration experiments, 2.5 ng of mycelial wet weight corresponded to a single conidial genome equivalent. To assess whether this qPCR assay might be suitable for measuring A. fumigatus burden in an animal model of disseminated aspergillosis, mice were euthanized 4 days after i.v. infection with A. fumigatus conidia, and the brain, liver, spleen, lungs, and kidneys were removed for analysis. Organs from six animals were assayed by the qPCR method, and tissues from another five animals were evaluated for fungal burden by CFU determination. A. fumigatus was detected in nearly every tissue from each animal ( Table 1) . Results from the CFU assay indicated that lungs had the lightest A. fumigatus load, while kidneys had the heaviest burden in this mouse model. In the qPCR assay, liver tissue had the lowest A. fumigatus burden, and kidneys had the heaviest load. The absolute fungal load determined by the qPCR assay was significantly larger (in kidney, brain, and lung by more than 3 log 10 units) than that determined from CFU measurements of tissues from animals from the same infected group. Standard curves generated from conidia added to naïve uninfected tissue were nearly superimposable for the five tissues surveyed (data not shown). Unlike some reports in the literature in which inhibitors of PCR have been noted in certain tissues (5), the method of sample preparation developed for this assay generated a template that could be amplified regardless of tissue type.
The progression of an A. fumigatus infection in DBA/2J mice was evaluated to compare traditional CFU counts and the qPCR assay in kidney samples and relate the results to survival (Fig. 2) . To ensure appropriate sampling when both assays were performed, the right and left kidneys were sectioned, and organ halves were combined for parallel analysis by the CFU and qPCR assays (35) . Mortality was first observed at day 4 and continued to increase until day 7 postinfection, after which time none of the animals survived. The A. fumigatus burden in the kidneys of infected animals, when measured at 4 and 7 days following infection by CFU counts, did not change significantly from the initial value determined at day 1. However, the CE 5 CFU of A. fumigatus were monitored for percent survival (E; n ϭ 60, 23 censored animals), log 10 CFU per gram of kidney (Ⅺ), or log 10 CE per gram of kidney (OE). SDA plates were used for CFU enumeration. CFU and CE are the mean Ϯ standard error of three mice, with the exception of CE for days 4 and 6 (n ϭ 5). b The lungs from one mouse in each group were below the limit of detection.
per gram of kidney, determined by the qPCR assay, increased nearly 10,000-fold in samples prepared from the same kidneys. Fungal burden increased from 4.55 Ϯ 0.07 log 10 CE/g of kidney at day 1 to a peak of 8.15 Ϯ 0.36 log 10 CE/g of kidney at day 4 postinfection, when mortality first occurred. A comparison of CFU and qPCR methodologies was also performed in C. albicans-infected animals. In this study, among a group of 10 mice infected with C. albicans strain MY1055, 30% survived to 14 days postinfection. By 21 days, only 20% of the animals survived (Fig. 3) . On selected days up to 14 days postinfection, kidneys from a parallel group of infected mice were assessed both for C. albicans 18S ribosomal DNA (rDNA) content by the qPCR assay and for C. albicans CFU (Fig. 3) . The specificity of the oligonucleotides used in this PCR was established in preliminary studies: the primer-probe set failed to give a signal when either A. fumigatus or murine genomic DNA was used as a template (data not shown). Throughout the course of the infection, mean values for log 10 CFU or cell equivalents per gram of kidney showed distinctly similar trends (Fig. 3) , and in most cases, animals within each group of three had a similar rank order of burden based on values determined by either the CFU or qPCR assay (data not shown). With each animal at all times after infection, the total cell number per gram of kidney estimated by the qPCR assay was consistently higher than the value for CFU per gram of kidney.
We compared qPCR-based quantitation to CFU measurement in A. fumigatus-infected mice that were given antifungal therapy. The burden in kidneys of caspofungin-or AmBtreated and nontreated mice, determined by CFU counts, is shown in Fig. 4A . The number of CFU per gram of kidney in both of the treated groups of mice was reduced relative to that in untreated controls at days 1, 4, and 7 postinfection. A statistically significant reduction from nontreated animals was observed in the AmB-treated group at all three time points and at days 4 and 7 in the caspofungin-treated group. However, the difference between nontreated and treated groups (for either drug) was relatively small and reached a maximum of ϳ1 log 10 . When the burden in the same animals was measured with the qPCR assay, there was a large difference between treated and nontreated groups (Fig. 4B) . In the infected control group, the increase of ϳ4 log 10 CE seen from day 1 through day 4 postinfection is contrasted with fungal burden in the kidneys of treated mice, which was low during treatment and continued to decrease after the completion of therapy. In a majority of the caspofungin-or AmB-treated animals, the signal in the qPCR assay reached the limit of detection by 15 days postinfection. The efficacies of caspofungin and AmB (1.0 and 0.5 mg/kg/ dose, respectively) were equivalent in this model of twice-daily i.p. dosing over a 5-day course of therapy.
The limit of detection for the qPCR assay is based upon the signal produced by a single conidium in a 5-l sample of DNA (Fig. 1A) derived from a 0.49-mg equivalent of original mouse tissue. Extrapolation to 1 g of tissue produces a limit of detection of ϳ2,000 CE, or 3.3 log 10 CE/g. Many of the AmB-or caspofungin-treated mice had kidney burdens at or below this 
FIG. 4. Effect of caspofungin or AmB on
A. fumigatus kidney burden versus that in infected control mice. Animals were infected as described in the legend to Fig. 2 . Therapy was administered as described in Materials and Methods. Values (mean Ϯ standard error of three mice unless noted) are log 10 CFU per gram of kidney (A) or log 10 CE per gram of kidney (B) in the presence of caspofungin therapy (OE), AmB therapy (Ⅺ), or no therapy (E). The double-headed arrow indicates the duration of the treatment period. On days 4 and 6, five mice from the nontreated group were used for qPCR analysis; on day 35, two mice from the AmB-treated group were used. limit by 15 days postinfection (Fig. 4B) . All of these samples were reevaluated under conditions that lowered the limit of detection to 50 CE, or 1.7 log 10 CE per g of tissue ( Table 2 ). The reductions in mean log 10 CE/g of kidney from day 1 to day 35 postinfection (the first and last sampling days) were 2.17 and 1.58 log 10 CE/g for mice treated with caspofungin or AmB, respectively. This is commensurate with the reduction determined from analysis of the same kidney tissues for mean log 10 CFU per gram of kidney (1.42 and 1.54 log 10 CFU per g for caspofungin or AmB treatment, respectively) over the same period (Fig. 4A) .
DISCUSSION
Filamentous fungi, including A. fumigatus, typically increase their cell mass by apical growth (14) . From single-cell uninucleate conidia come germ tubes of growing A. fumigatus hyphae, which are composed of numerous cells bound by septa (15) . The quantitation of fungal burden in organs of infected animals has traditionally been accomplished by spreading samples of homogenized tissue on agar plates and enumerating CFU after a period of growth in vitro (35) . The method was originally developed for unicellular organisms. While CFU counts generate an accurate representation of the number of A. fumigatus conidia, this method is not adequate for the enumeration of filamentous structures that are not dispersed when spread on agar plates (24) . Data from liquid cultures of A. fumigatus show that the number of CFU does not increase over a period of at least 24 h (27), despite obvious increases in hyphal mass. Filamentous hyphae composed of hundreds of cells may only be recorded as a single unit by the traditional CFU methodology.
Caspofungin acetate is a promising new therapeutic agent (Maertens et al., 40th ICAAC) that inhibits fungal 1,3-␤-Dglucan synthesis and produces profound morphological changes in A. fumigatus hyphae both in vitro (23) and in vivo (22) . A recent evaluation of the in vitro activity of caspofungin against A. fumigatus by using fluorescent indicators of cell viability and death illustrated that cells at the tips and branch . Whether or not cell death occurs in tissue remains to be determined. Because of the filamentous nature of A. fumigatus growth, CFU measurements would not be expected to accurately quantitate this type of change in mycelial mass. Accordingly, animal model studies to evaluate the efficacy of caspofungin against A. fumigatus have relied on survival rather than CFU enumeration as an endpoint in both pulmonary (Bernard et al., 36th ICAAC) and disseminated (3) models of aspergillosis. However, studies designed to (i) measure the efficacy of caspofungin in combination with other antifungal agents, (ii) model the response to a range of conidial inocula, or (iii) probe the role of various degrees of immunosuppression are not best served by the use of survival as an endpoint.
PCR has been described in several reports as a method with which to detect and speciate organisms in sputum, blood, or other clinical samples from patients with suspected fungal infections (9, 10, 33) . A recent paper (25) detailed an assay based on the quantitative PCR Light Cycler System (Roche Diagnostics, Indianapolis, Ind.) for quantification of A. fumigatus DNA in human blood to which known numbers of conidia had been added. The investigators also used the assay to determine fungal burden in a small number of blood samples taken from patients with hematological malignancies. Yamakami and colleagues (38) developed a nested PCR assay to monitor Aspergillus species in human serum samples before and during therapy with AmB. The sample size was small, and two of six patients who had negative PCR results did not respond to therapy and ultimately died.
The results presented in this article provide the first description of a method for real-time PCR-based quantitation of A. fumigatus tissue burden in an animal model of infection. The technical advantage that the qPCR assay exploits is that every cell in a filamentous fungal mass is recognized, independent of other cells within the mass, by the nuclear DNA it contains. When we used this assay to monitor fungal load in a mouse model of infection, the qPCR assay detected a 10,000-fold increase in fungal burden, while the same tissues displayed less than a 10-fold increase in the number of CFU. Significantly, the onset of A. fumigatus-induced mortality coincided with the peak of fungal burden detected by using the qPCR assay. The improved dynamic range of the qPCR method represents an advantage for quantitation of the antifungal efficacy of caspofungin and other therapies.
In the studies reported here, oligonucleotides were designed to specifically amplify a portion of the 18S rRNA gene of A. fumigatus. Since there are approximately 100 copies of the 18S rRNA gene in the Aspergillus genome (17), selection of this target was expected to substantially increase the sensitivity of the method. The A. fumigatus FKS gene (AfFKS; GenBank accession no. U79728), presumed to be single copy in the genome (8) , was also evaluated as a potential target sequence for qPCR analysis. The difference in signal intensity between the 18S target and the AfFKS target was nearly 100-fold when purified DNA from A. fumigatus strain MF5668 was used as a template in separate reactions (data not shown). Fig. 4B . The limit of detection for the standard assay is 3.30 log 10 CE/g of kidney.
In the modified assay, evaluation was performed at a lower limit of assay detection. The limit of detection for the modified assay is 1 conidium per 19.6 mg of tissue, or 1.70 log 10 CE/g of kidney.
b ND, not determined. A number of different homogenization and DNA extraction methods were evaluated in our laboratory to establish the described protocol. These included homogenization by direct pressure alone, disruption with a handheld tissue homogenizer (Polytron; Kinematica AG, Lucerne, Switzerland), and the use of commercial kits and published methods for DNA extraction. We chose the combination of direct pressure and glass bead homogenization because it is efficient, simple, and amenable to processing large numbers of samples. Experiments with tissues spiked with conidia demonstrated that CFU in primary homogenates was reduced by more than 3 log 10 following mechanical disruption with glass beads (data not shown). We presume that hyphae were also efficiently broken by this procedure. Direct pressure and glass bead homogenization are also likely to reduce the risk of cross-contamination between samples that may occur with other methods (e.g., physical disruption by Polytron). Finally, the procedure does not rely on enzymatic digestion of the fungal cell wall, which may exhibit changes in physical composition, and therefore susceptibility to digestion, as a function of hyphal age, drug treatment, and/or tissue source.
In measuring A. fumigatus CFU counts from infected organs, roughly 3 mg of homogenized tissue was spread on plates. Making the assumption that a single CFU can be detected in a given sample, mathematical extrapolation predicts that the limit of detection for this assay is approximately 300 CFU per g of tissue, with the exact limit dependent upon actual tissue weight. The 5-l samples used as a template in the qPCR assay represent 0.49-mg equivalents of the original tissue. Our results suggest that the assay is capable of detecting a single CE in these samples (Fig. 1A) ; therefore, the limit of detection for the qPCR assay is ϳ2,000 CE per g of tissue. If we assay the entire 200-l DNA sample (derived from 19.6 mg of tissue) in 10-l aliquots and obtain the sum of the values, the limit is reduced to ϳ50 CE per g of tissue (Table 2) . However, this is not a practical method when evaluating numerous samples. We are exploring technical improvements that may allow for further reduction of the assay's limit of detection. The dynamic range that the assay provides relative to the CFU method more than compensates for the current difference in the limits of detection.
When comparing the qPCR signal from a sample of infected tissue to a standard curve composed of conidia added to naïve tissue, we have chosen to express the fungal biomass in terms of CE. This is based on the fact that A. fumigatus conidia, like those of other members of the Aspergillus genus, are nearly always uninucleate, while individual cells bounded by septa within a germ tube of growing A. fumigatus hyphae are often multinucleate (11) . In fact, apical cells of Aspergillus nidulans have been shown to have as many as 50 nuclei (19) . It would therefore not be accurate to extrapolate from CE to cell number.
We found that the yield of total kidney DNA among 94 animals in the caspofungin efficacy study was variable, ranging some 20-fold from a low of 48 to a high of 1,075 g/ml. There was no significant correlation between DNA yield and time postinfection, between treatment groups, or when comparing treated animals to nontreated animals (data not shown). In a comparison of DNA recovered from naïve tissues with or without added conidia, we determined that the amount of fungal genomic DNA derived from any given tissue sample only represented a fraction of a percent of host genomic DNA. Accordingly, we felt that an adjustment of the C T values to reflect differences in DNA recovery was justified. Despite the broad range of DNA concentrations, the normalization scheme only had a small effect on the final values representing log 10 CE per gram of kidney. For example, the largest adjustment factor for the entire study changed the value for a nontreated animal (7 days postinfection) from log 10 7.33 to log 10 7.66 CE/g of kidney. We are actively pursuing alternate methods to correct for DNA recovery in large groups of samples.
We measured fungal burden by both CFU analysis and realtime qPCR in simple murine models of disseminated aspergillosis or candidiasis. It is interesting that CFU and CE are roughly equal in kidneys of A. fumigatus-infected mice on the first day following infection (Fig. 2) , when the fungal burden may consist primarily of small germlings and swollen conidia that would be expected to produce nearly equivalent values by the two methodologies. As the mycelial mass increases during the infection by extension of the filamentous network, fungal burden quantified through CFU counts does not change significantly. By comparison, enumeration of C. albicans burden in kidney tissue from mice with disseminated candidiasis displayed the same trends during disease progression when analyzed by either CFU or qPCR measurement (Fig. 3) . Both assays detected an increase in mean C. albicans burden of ca. 2 log 10 between 6 h and 2 days postinfection. Previous studies of DBA/2N mice infected with C. albicans MY1055 reported a similar increase in CFU over the same period (1). Peak C. albicans burden measured with the qPCR assay occurred approximately 7 days before the onset of significant mortality, which was unlike the result obtained with A. fumigatus-infected animals (Fig. 3) . Relationships between fungal burden and mortality are dependent on pathogenic mechanisms (e.g., production of virulence factors, tissue infiltration and damage, etc.) and would not be expected to be identical for C. albicans and A. fumigatus. We also found that values for C. albicans in log 10 cells per gram of kidney determined with the qPCR assay were uniformly higher than values for log 10 CFU per gram of kidney. This may reflect the fact that C. albicans growing in tissues generally adopts a pseudohyphal morphology, which could result in fewer CFU than would be expected when the organism is grown in liquid culture as a budding yeast. Alternatively, nonreplicative cells that fail to produce a colony when spread on an agar plate may be detected in the qPCR assay.
Overall, the results from these studies convincingly demonstrate that real-time PCR can be used to monitor the progression of fungal infection in a murine model. For A. fumigatus, CFU determination provides limited insight into the progression of disease and therefore has less utility as an assay to quantitate therapeutic efficacy of novel antifungals. Meanwhile, the qPCR assay detects a significant increase in fungal load, peaking at a time that coincides with the onset of mortality. The assay should be a valuable tool for meaningful quantitative evaluation of the antifungal efficacy of therapies that target A. fumigatus. cussion; and Alex Elbrecht, Hans Zweerink, and Xiaoming Zou for assistance with the qPCR assay.
